Circulating tumor cells (CTCs) separation technology has made positive impacts on the cancer science in many aspects. The ability of detecting and separating CTCs can play a key role in early cancer detection and treatment. In recent years, there has been growing interest in using deformability-based CTC separation microfilters due to their simplicity and low cost. Most of previous studies in this area are mainly based on experimental work. Although experimental research provides useful insights in designing CTC separation devices, there is still a lack of design guidelines based on fundamental understandings of the cell separation process in the filers. While experimental efforts face challenges especially microfabrication difficulties, we adopt numerical simulation here to study conical-shaped microfilters using deformability difference between CTCs and blood cells for separation process. We use liquid drop model for modeling a CTC passing through such microfilters. The accuracy of the model in predicting the pressure signature of the system is validated by comparing with previous experiments. Pressure-deformability analysis of the cell going through the channel is then carried out in detail in order to better understand how a CTC behaves throughout the filtration process. Different system design criteria such as system throughput and unclogging of the system are discussed. Specifically, pressure behavior under different system throughput is analyzed. Regarding the unclogging issue, we define pressure ratio as a key parameter representing the ability to overcome clogging in such CTC separation devices and investigate the effect of conical angle on the optimum pressure ratio. Finally, the effect of unclogging applied pressure on the system performance is examined. Our study provides detailed understandings of the cell separation process and its characteristics, which can be used for developing more efficient CTC separation devices.
Cancer is one of the most pervasive diseases and a major health concern all over the world. Each year, a lot of people die from cancer due to its high fatality ratio. 1 According to American Cancer Society, one in four deaths in this country is as a result of cancer 2 and this rapid growth will rise by 50% in the next few years due to population aging. 3 Cancer metastasis is recognized as the main reason of death due to cancer. 4 Circulating tumor cells (CTCs) play a key role in cancer metastasis; these cells are released from the primary tumor from a specific organ into the blood stream and spread through the cardiovascular system to different organs in the body and form a distant secondary tumor. Since CTCs have the same observable properties and genetic structure of the primary tumor cells and also play a key role for cancer metastasis, there is growing interest in developing efficient CTC separation techniques. 5, 6 There are technical challenges facing CTC separation devices such as extremely low percentage of CTCs in patient blood sample, different behavior of cancer cells and etc. Thus, more detailed studies of the cell process in such devices are required before designing and fabricating useful devices.
In general there are two broad CTC separation methods: biochemical methods and biophysical methods. 6 Biochemical methods mostly rely on biological markers or antibodies for recognizing and separating CTCs.
One of the key challenges in these methods is the heterogeneity and genetic instability of tumor cells which make it difficult or in some cases unlikely to find a unique markers for the whole cells. 7 On the other hand biophysical approaches utilize physical markers such as cell size, shape, deformability, density and etc. to discriminate CTCs from blood cells. 8 These methods have the advantageous of label-free sorting. Recently, there have been growing interests in using microfluidic technologies to devise label-free CTC separation devices. By using this technology, higher capture efficiency and isolation purity can be reached because it enables us to precisely control the device parameter at cellular scale. 9 In addition, microfluidics has a great advantage of operating in laminar flow regime which provides more precise control on the cell manipulation. 10 Reduced cost and enhanced portability are among other advantages of this technology. 8 Among various microfluidic CTC separation techniques, deformability-based CTC separation method has begun to emerge recently. This method has the advantages of simplicity and its potentially low-cost. 11 Moreover, deformability is a more efficient physical marker with respect to size since it has a stronger connection to cell phenotype. 12 Weir, 13 pillar, 14 pore 15 and channel 16 are among different types of CTC separation devices that are based on deformability as their main or one of their major physical markers. Most of the previous studies on deformability-based CTC separation devices are mainly based on experimental data and analysis. McFaul et al. 14 proposed a microstructural ratchet mechanism for cell separation process.
They utilized both size and deformability as separation physical marker. Non-uniformity of their proposed ratchet mechanism overcomes the challenges in unclogging conventional microfilters. Tan et al. 17 presented a label-free separation microdevice consists of arrays of crescent-shaped isolation wells as constrictions to distinguish CTCs from blood cells using their physical differences in deformability and size. Their proposed device offers high separation efficiency and ability of obtaining viable isolated cells. Tang et al. 18 introduced a microfluidic device with integrated microfilter of conical-shaped holes. Based on their studies, they suggested a (cell) nuclei size dependent design of microholes. In order to improve system performance, system parameters such as microfilter geometry and operating conditions need to be studied, understood and optimized. Numerical methods are powerful tools in optimization processes both in saving time and preventing the high cost of experimental research. Indeed, the aforementioned experimental work all relied on highly sophisticated microfabrication technologies. Currently, it is still quite challenging to fabricate arbitrary 3D geometries at microscale with high precision. Therefore, numerical methods are the only practical means of study at this point, with the hope that in near future more efficient experimental tools will become available and cheap enough for experimental implementation, such as the emergence of 3D printing technology in recent years. 19 In a typical CTC separation process, passing event of a single CTC through the microfilter is a fundamental step which requires in-depth understanding. The key challenge in numerical simulation of a CTC filtering process is the mechanical modeling of living cells. In general, there are two main approaches in modeling living cells: micro/nanostructural approaches [20] [21] [22] [23] [24] and continuum approaches. In micro/nanostructural approaches the cell behaviors and responses are studied at the level of cytoskeleton (CSK) while in continuum approaches the cell is considered as a material with specific continuum material properties; this feature gives the continuum approach the advantages of being easier and more straightforward over the former approaches. It should be taken into account that the continuum approach is mostly suitable for the cases in which biomechanical response at the cell level is required. Generally, continuum model can be classified into two main categories: liquid drop models and solid models. 25 Based on this classification there are various research on modeling of the cellular entry process into a constriction channel. Yeung et al. 26 developed a cortical shell-liquid core model for passive flow of a cell into a tube at constant suction pressure. Leong et al. 27 numerically modeled breast cancer cell entering into a constricted micro-channel using compound liquid drop model. In their study they did some parametric studies on cell velocity profile, stiffness, elasticity and deformation profile in the process of cell passing through the constriction. Zhang et al. 28 simulated a CTC passing event through a microfiltering channel with constant cross sectional area based on liquid drop model. Their main goal was to characterize pressure signature of different types of cells passing through different channels over a wide range of flow rate. Luo et al. 29 used a cellular viscoelastic model (solid model) for modeling cellular entry process into a constriction channel using a finite element package ABAQUS. One of their main aims was to quantify instantaneous Young's modulus of the living cells based on their proposed model. Generally solid models are applicable for simulating small cellular deformation while for large cellular deformation it is better to use a liquid drop model. 27 In the present research, we study the concept and design criteria of conical-shaped CTC separation microfilters as an example of non-uniform cross-sectional microfilters. The geometrical asymmetry design of such microfilters outperforms designs with symmetric geometries, in that it allows using periodically reversed flow for unclogging such filters without undoing the separation process. 14 Numerical simulation is utilized in order to better understand the basic principles behind deformability-based CTC separation devices and investigate the effect of system parameters on different design criteria of the system. Specifically, we model the process as a single CTC passing event through the microfilter. The simplification of just studying a single CTC is mainly based on the fact that the blood cells are much softer than CTCs and as a result they can easily pass the microfilter. 16 Thus, the main determinant factor in these devices is how a CTC can be squeezed through the channel. Since the main parameter in this process is pressure signature of the event,
we use liquid drop model for mechanical simulation of CTC. Although this model greatly simplify the living cell, it can perfectly predict the pressure signature of the squeezing process as validated by Guo et al. 30 in their study on cell deformation in a micro-constriction. In the present study, numerical method is first validated with previously reported experiments. Pressure-deformability analysis of a CTC passing through the microfilter is then performed in order to better understand the concept of filtration process. Some important system design criteria of the system are introduced and the effects of system parameters on them are investigated. Specifically, the effect of system throughput on the critical pressure of the system is studied.
We also discuss the clogging issues of deformability-based microfilters and investigate the effect of geometry of the microfilter and system applied pressure on solving system clogging.
II. MODEL DESCRIPTION
The device filtering process is simply based on the flow of sample blood cells through a filtering channel in a microfluidic chip. There is a critical pressure defined for each cell to squeeze through the microfilter which strongly depends on cell surface tension coefficient, cell diameter and geometry of the microfilter. Figure 1 shows the basic design geometry of the proposed conical-shaped microfilter. As it can be seen, the device is mainly composed of three parts: entrance chamber, filtering channel (for convenience it is called microfilter) and exit chamber. Among these parts, filtering channel geometry parameters affect the efficiency of system significantly. The key parameters are: filter pore diameter ( ) which is defined as the narrowest portion of filtering channel, pore half angle ( ) and the length of the filter ( ).
Geometry parameters for the baseline design study are listed in Table I . It is worth to mention that filter pore size diameter ( ) has been chosen based on existing literature on effective filtering of CTCs. Filter pore diameter (D) 6
Pore half angle (θ) 10°
Filter Entrance Diameter ( ) 14.82
Length of the filter (L) 25
Length of the entrance and exit chambers (L ch ) 25
Entrance and exit chambers diameter (D ch ) 30
Moreover, square-wave pressure is employed in the case of studying the effects of microfilter geometry asymmetry on unclogging the system.
III. THEORITICAL BACKGROUND
For unclogged flow of blood sample through the device, the total inlet pressure P total applied on the device should overcome two main pressure drop components: pressure drop due to flow of the medium and pressure drop due to surface tension of the cells when they are in contact with the wall of microfilter:
(1)
A. Pressure drop due to flow of the medium (∆ )
The pressure drop due to flow of medium mainly consists of the pressure drop due to viscosity (∆ ℎ ) and the pressure drop due to contraction and expansion at microfilter (∆ − ):
Viscous dissipation of mechanical energy of the fluid due to internal friction results in a pressure drop in the flow direction. This pressure loss can be calculated using Hagen-Poiseuille law 40 which relates the viscous pressure drop and flow rate of the flow by introducing hydraulic resistance factor. The HagenPoiseuille law is as follow:
where, ∆P hyd is the viscous pressure drop of the conical channel, R hyd is the hydraulic resistance, and Q v is the volume flow rate. Akbari et al 41 developed a general model for predicting low Reynolds number flow pressure drop in non-uniform microchannels. Based on their model, the hydraulic resistance is calculated from the following relationship:
where μ is the viscosity of the fluid, A(x) is the cross sectional area, and I P * = I p A 2 with I p = ∫(y 2 + z 2 )dA is called the specific polar moment of cross-sectional inertia. Based on the geometry of conical channel, * = 2 and A(x) can be calculated as follows:
Using equations (4 − 5), the hydraulic resistance over the length of the channel can be determined by the following formula:
3 ).
In addition, ∆ − is caused by sudden contraction at the inlet of the filtering channel and sudden expansion at the outlet of filtering channel which can be calculated using the following relation:
where 1 and 2 are the flow velocity at the inlet and outlet of the filtering channel, 1 is the constriction coefficient and 2 is the expansion coefficient. These coefficients are set to be 0.5 and 1 respectively. It is worth to mention that pressure drop in the entrance and outlet chambers are not considered since they are negligible in comparison to two other types.
B. Pressure drop due to surface tension ( )
Calculating the maximum pressure due to surface tension which is also referred to threshold pressure depends on whether cell is going in the forward direction ( For both cases, the threshold pressure can be calculated using Laplace law, which relates the pressure difference between inside and outside of the cell to the cortical tension of the cell membrane by radius of curvature of the cell in the critical position.
where is the surface tension of the cell membrane and and are the curvature radius of the leading and trailing edge respectively.
In both cases, threshold pressure occurs when the length of extension of the drop ( ) out of filtering channel (forward direction) or into the filtering channel (backward direction) equals the radius of the filter pore radius ( /2). Therefore by knowing the surface tension of the cell, the only unknown parameter in equation (8) is which is different for each case.
Forward threshold pressure
In this case, is determined by using volume conservation law. If 0 is considered as the volume of the cell with the radius of 0 before squeezing into the microfilter, by modeling the geometry of the cell at the critical point of deformation in 3 parts (Figure 2(a) ), volume conservation of the cell results in:
By considering the geometry of the microfilter, 1 and 3 are modeled as a half sphere of the radius of and respectively. 2 can also be determined by calculating the volume of a truncated cone.
Substituting the corresponding volumes into the equation (9) and solving for results in
Backward threshold pressure
For calculating backward threshold pressure, it is assumed that there is a negligible change in the shape of the cell in the critical moment in comparison with the initial shape of the cell before squeezing through the microfilter. Thus, the curvature radius of trailing edge will be equal to the initial radius of the cell before squeezing through the channel ( = 0 ).
It should be noted that the forward and backward threshold pressure are derived based on this assumption that the cell is totally in contact with the microfilter wall which is an acceptable assumption at low Reynolds numbers. In this problem, the primary and secondary phases are surrounding medium and cell respectively. The VOF method employs volume fraction continuity equation for interface tracking:
IV. NUMERICAL METHOD
where is the volume fraction of the cell ( = 0 in medium, = 1, 0 < < 1 at interface), ̇− is the mass transfer from secondary phase (cell) to the primary phase (medium) and ̇− is the mass transfer from the primary phase to secondary phase. The source term is zero in this problem.
Then, the volume fraction for medium can be computed by the following constraint:
Explicit time discretization method is employed for applying VOF method because of its higher accuracy 
The general properties in the flow equations can be calculated using volume fraction weighted average method. For instance, the density at an arbitrary node can be written as:
Using the divergence theorem, the surface tension force is given by:
where the curvature, = ∇. (
, is defined in terms of the surface normal ⃗ .
Moreover, wall adhesion boundary condition is included in the model for adjustment of the curvature of the surface near the wall. Wall adhesion is the surface force between the cell membrane and microfilter rigid walls when they are in contact. 32 ANSYS Fluent wall adhesion model uses the model proposed by Brackbill et al.. 43 If , ̂ and ̂ are contact angle at the wall and the unit vectors normal and tangential to the wall respectively, we have:
In this study, is selected as 180° for phase interaction. To speed up the solution process, non-iterative time advancement (NITA) scheme is used, employing fractional step method.
With respect to the geometry of the device, a 2D axisymmetric geometry is employed in order to reduce the cost of calculation. The mesh is built using ANSYS meshing. The mesh is refined along the walls of the microfilter and symmetry axis in order to increase the accuracy. The total number of element used for simulation is around 15,000 which are mainly quadratic elements. Figure 3 shows the mesh structure of the geometry. 
B. Pressure-deformability analysis
The first step in designing a device and optimizing its performance is to completely understand the fundamental concepts behind the working principle of the system. In deformability-based CTC separation devices, squeezing a CTC through the microfilter is the most important part of separation process. Thus, understanding thoroughly how a cancer cell behaves in this process is of great importance. In this section, we study the whole process of a cancer cell passing through a conical-shaped microfilter by obtaining the pressure signature of the system and the corresponding cell deformation throughout the process. Based on two possible moving directions of the cell, forward or backward direction, the pressure-deformability behavior varies due to geometry asymmetry. In both cases, pressure variation can be explained by the deformation of the cell. It should be noted that the pressure signature refers to the time history of the total inlet pressure of the system when a cell is getting squeezed through the filter with a constant flow rate, which for convenience is called total pressure.
Forward direction
The pressure-deformability behavior of the cell passing forward through the microfilter is shown in Figure   5 (a). Before the cell is going through the microfilter, the total pressure is relatively constant and is mainly due to viscous pressure (stage (a1)). As the cell starts to squeeze through the microfilter, the total pressure increases due to increase in surface tension pressure. The maximum required total pressure occurs when the length of extension of the cancer cell out of filtering channel equals the radius of the pore (stage (a2)). This maximum pressure is called critical pressure. After this stage, the radius of the curvature of the cell at leading edge starts to increase as the cell is going out of the microfilter and consequently the radius of curvature of trailing edge starts to decrease. As a result, there is a sudden decrease in total pressure after stage (a2). At stage (a3), the total pressure equals the initial viscous pressure since the surface tension resistance becomes zero. This is mainly because the radius of curvature of leading and trailing edges are approximately equal at this point. As the cell going further out of the microfilter, the curvature radius of leading edge becomes larger than trailing edge. Hence, based on Laplace law, the surface tension force is not a barrier for the flow any more, but helps to pull the cell out of the microfilter in the direction of the flow. Thus, in a constant flow process, such a phenomenon results in a negative total pressure when the curvature radius of trailing edge becomes large enough. After the cell completely passed the microfilter, there is a local maximum pressure due to the bouncing of rear part of the cell which is mainly because of fluid inertia. This phenomenon is more obvious at higher flow rate. 
Backward direction
The cell behavior in backward moving direction is shown in Figure 5 (b). In backward direction, maximum pressure (critical pressure) occurs when the radius of the cell into the microfilter equals the radius of the microfilter pore (stage (b2)). By comparing the two critical pressures in backward and forward directions, it is observed that the backward critical pressure is higher than the forward critical pressure. After this stage the total pressure starts to decrease due to increase in radius of leading edge and decrease in radius of trailing edge. Like in forward direction, there is an equilibrium state at stage (b3) due to equality of radius of curvature of leading and trailing edge. As it can be seen in Figure 5 (b), there is a decrease in total pressure between stages (b5) and (b6). This is mainly because of the detachment of the cancer cell from the microfilter walls. As the cell detaches from the wall (stage (b5)), the radius of curvature of trailing edge starts to decrease until it reaches its minimum (stage (b6)). The decrease in trailing edge radius causes a temporary decrease in total pressure. In addition, in backward direction there is no significant pressure perturbation due to cell bouncing (stage (a5) in forward direction) since the cell turns back gradually to its initial shape with the aid of mirofilter conical shape.
C. Critical pressure vs. system throughput
A successful cell passing event through the microfilter is mainly dependent on the flow ability to overcome total pressure resistance consists of viscous resistance and the resistance caused by surface tension.
Throughout the forward process, the critical pressure occurs when the length of extension of the drop out of the filtering channel ( ) equals the radius of the filter pore radius ( /2). Since most of the CTC separation devices utilize pressure driven flow for separation process, having accurate information on required inlet total pressure to overcome critical pressure has gained importance; for a successful filtering process this applied pressure should be kept below the critical pressure of CTCs and above the critical pressure of white blood cells (WBCs). The other important design criterion of CTC separation devices is system throughput.
Obviously higher throughput is preferred in clinical applications. Volume flow rate of the device is a clear indicator of the system throughput. In this section we studied the effect of volume flow rate on pressure components when the cell is going in forward direction ( Figure 6 ). The results indicate that the pressure components of the system are strongly dependent on the volume flow rate and as a results system throughput. Moreover, the simulation results match well with theoretical pressures at low volume flow rates. The results show that total and viscous pressure increase with increasing in volume flow rate at roughly the same speed. Given this result, it can be concluded that pressure resistance due to surface tension is not dependent on volume flow rate and is relatively constant. Therefore the increase in total pressure is mainly due to increase in viscous pressure as a result of changing in flow velocity. As it can be seen from Figure 6 , at higher volume flow rates, there is a deviation between the total inlet pressure calculated through theoretical formulas and the one gained by numerical simulation; this is mainly because of limiting assumptions made to derive the theoretical formulas which should be considered at higher flow rates. For example, ∆ ℎ is calculated by neglecting the presence of the cell inside the pore. Such an assumption works well in low flow rates since ∆ ℎ is proportional to the flow rate but in higher flow rates it causes significant deviation from numerical simulation results.
Based on the results, in order to increase the system throughput (increasing volume flow rate), the critical pressure also increases which may change the cytoskeleton structure and cause cellular damages or ruptures especially in CTC separation process due to fragility of cancer cells. This is one of the operating limitations of the filtering process which has to be considered and a trade-off should be done between increasing system throughput and avoiding permanent cellular damages since one of the main performance criteria of a CTC separation device is its ability to offer researcher viable cells in order to have a wider range of post processing analysis. 8, 10, 44 Due to comparison purpose, we fix the volume flow rate at 7 / for the following studies.
D. System unclogging
One of the key challenges in CTC separation devices is clogging which limits the overall selectivity of separation process. One of the approaches to solve clogging is to apply a periodically reversed pressure. The effectiveness of this approach is limited in constant cross-sectional microfilters since it significantly reduces the net displacement of cells in forward direction and accordingly system throughput especially at lowReynolds flows. Based on pressure-deformability results, in conical-shaped microfilters the critical pressure in backward direction is higher than the corresponding forward one in which the difference is dependent on the microfilter geometry. This feature enables us to unclog these devices by applying a periodically reversed
pressure. This applied pressure should have the amplitude higher than the forward critical pressure in order for the cell to squeeze through the channels and lower than backward critical pressure in the case of avoiding undoing the separation process. In this regard, choosing suitable microfilter geometry parameters and system applied pressure enables us to unclog the system in an efficient way. In this section we study the effect of pore half angle as one of the microfilter geometry parameters and system applied pressure on the efficiency of the unclogging process.
Effect of pore half angle on unclogging the system
In order to quantitatively evaluate this feature we define pressure ratio ( ) as the ratio of backward critical pressure to forward critical pressure.
High pressure ratios enable us to select the suitable applied pressure in a wider range. Thus, finding the optimum is required in order to improve the device performance. In this section we study the effect of pore half angle on backward and forward critical pressure which leads to calculating . In order to perform this analysis we fixed other geometric parameters and operating conditions. Figure 7 shows the variation of forward and backward critical pressure and the resulting pressure ratio with respect to pore half angle (Figure 7(a) ) and its corresponding cell deformation at critical moment ( Figure   7(b) ). As it can be seen, the critical pressure mainly depends on how cell has been deformed at critical moment.
a. Critical forward pressure vs. pore half angle
At low angles (starting with 2°), the critical moment happens when the large portion of the cell is still out of microfilter entrance and cell has contact with entrance wall of the microfilter. As a result, large radius of curvature of trailing edge causes large critical pressure. By increasing the angle, the portion of the cell out of the microfilter entrance and consequently the radius of the trailing edge become smaller which results in a decrease in critical pressure. This process continues until pore half angle of 7° where the cell has no contact with the entrance wall of microfilter anymore at critical moment. As the half angle of pore is further increased, the leading edge of cell at critical moment goes further through the microfilter and becomes smaller following the geometry of the channel, and accordingly results in a further decrease in forward critical pressure but with different slope. At microfilter angle of 12°, the entrance of microfilter is larger than the diameter of the cell, and the cell passes through the microfilter without any contact with the microfilter entrance wall. Such a large pore half angle also causes to have a layer of water between the microfilter inner wall and the cell. As a result, a sudden decrease occurs in forward critical pressure. By increasing the pore half angle further than 12°, the existing layer of water between the cell and the inner walls of microfilter becomes smaller. This causes an increase in leading edge radius and also trailing edge radius with different slope. Thus, there is an increase in forward critical pressure. At higher angles (higher than 15°), there is no significant variation due to pore half angle because the cell deformation at critical moments doesn't change very significantly. Like the forward direction, the behavior of cell and consequently the backward critical pressure mainly depends on the geometry of the cell at critical moment. As the pore half angle is increasing, the portion of the cell into the microfilter at critical moment becomes smaller since the cell loses its contact with inner wall of the microfilter. Accordingly, the radius of leading edge increases which causes a decrease in backward critical pressure. At pore half angle of 8° the leading edge of the cell totally loses its contact with inner wall of the microfilter. Therefore, there is a sudden decrease in both the portion of the cell into the channel and critical pressure. By increasing the angle of the pore, decreasing in critical pressure continues but with a slower slope since the changes in leading and trailing edge radius is not significant.
Based on these results we can derive the variation of with respect to pore half angle. The results are shown in Figure 7 (a). As it can be seen, the pressure ratio does not follow a specific trend; this is mainly because the cell deformation at critical moment, which has a direct relation to the critical pressure, behaves differently at each direction and angle. According to the results, the maximum occurs at angle of 12.
Although there exist another local maximum at 6°, the microfilter angle of 12° is more preferable since in this case the radius of microfilter entrance is bigger than the cell radius which avoid the long contact of the cell with the microfilter walls.
System performance under unclogging applied pressure
As discussed in previous sections, pressure asymmetry behavior of conical shaped microfilters enables us to unclog the system by applying a periodically reversed-pressure. But the type of applied pressure and its characteristics affect system performance significantly. In this section, square wave profile is selected for the applied pressure and the effects of profile duty cycle and frequency as two important square wave parameters on system performance are investigated. For this purpose, the cancer cell displacement as an indicator of system throughput is measured with respect to flow time for different applied pressures. It should be noted that, the square wave amplitude for all of selected applied pressure is fixed slightly higher than critical forward pressure and much lower than critical backward pressure in order to avoid undoing the filtration process. Generally, by applying forward pressure on the system, the cell is going through the microfilters since the pressure is higher than the required critical forward pressure, while in reversed regime, the cell stops moving when it reaches the microfilter pore.
a. Effect of square wave duty cycle on system performance
Square wave duty cycle is defined as the ratio of forward to reversed time steps in a period. Four different duty cycles with constant time period of 1 are selected. Figure 8 shows cancer cell displacement with respect to flow time (Figure 8 (a) ) and the position of the cancer cells at the last time step (Figure 8 (b) -(e)) for different applied pressures. As expected, with increasing the duty cycle, the net displacement of the cell and as a result system throughout increase but the possibility of unclogging decreases due to decrease in the applied time of reversed pressure. On the other hand, in lower duty cycles the cell net displacement decreases and even the cell may get stuck between two consecutive microfilter and move periodically between them like in duty cycle of 1. As a result, a tradeoff should be done between the cell net displacements and unclogging of the system. Future works will involve more accurate mechanical models of living cells in terms of the ability to predict more aspects of living cells. In addition, although simulating the passing event of only one CTC can be a good assumption, due to the rarity of such cells in the bloodstream of people with cancer (one CTC in a billion normal blood cells 47 ), the effects of multiple pores and cells should be considered in order to perform more accurate evaluation on the overall throughput and clogging of the system.
VII. CONCLUSION
Non-uniform cross-sectional microfilters have the advantage of pressure asymmetry which makes unclogging process of CTC separation devices more efficient than uniform cross-sectional microfilters. We adopted numerical simulation as a useful tool to study conical-shaped microfilters. In first step, we validated our model with an experimental work done on deformation of individual cells going through a rectangular channel. The numerical results compare favorably with experimental data indicating that our numerical model can predict well the critical pressure of the process. Then, we analyzed pressure-deformability behavior of the cancer cell going through the microfilter via two possible directions (forward and backward) in order to better understand the squeezing process; based on this analysis we identified the critical moments and their corresponding pressures and deformations in both directions. More importantly, we found out that the backward critical pressure is higher than the forward critical pressure which results in a pressure asymmetry behavior in the conical-shaped microfilter. This feature gives such devices the ability of unclogging by applying a suitable inverse pressure. Next, we studied the effect of system throughput on the required inlet pressure. We observed that by increasing system throughput the required inlet pressure increases as well. This leads to a tradeoff procedure between the system throughput and cellular damage considerations. In the next step, two important aspects of unclogging issue were discussed. First, we studied the effect of pore half angle on pressure asymmetry by defining pressure ratio, and determined the optimum pore half angle for maximizing the pressure ratio through parametric analysis. Second, we investigated the effect of duty cycle and frequency of the square-wave applied pressure on system performance. The numerical results indicate that while lower duty cycles offer higher possibility of unclogging, they also reduce the throughput of the system which is undesirable. As a result, a tradeoff should be made in order to choose the optimum duty cycle based on system requirements. Furthermore, lower frequency of applied pressure results in a higher cell displacement and accordingly higher system throughput. Finally, limitations of the model were discussed and possible future works were presented.
